We study Λ baryons of spin-parity 1 2 ± with either a strange or charm valence quark in full 2+1 flavor lattice QCD. Multiple SU(3) singlet and octet operators are employed to generate the desired single baryon states on the lattice. Via the variational method, the couplings of these states to the different operators provide information about the flavor structure of the Λ baryons. We make use of the gauge configurations of the PACS-CS Collaboration and chirally extrapolate the results for the masses and SU(3) flavor components to the physical point. We furthermore gradually change the hopping parameter of the heaviest quark from strange to charm to study how the properties of the Λ baryons evolve as a function of the heavy quark mass. It is found that the baryon energy levels increase almost linearly with the quark mass. Meanwhile, the flavor structure of most of the states remains stable, with the exception of the lowest 1 2 − state, which changes from a flavor singlet Λ to a Λ c state with singlet and octet components of comparable size. Finally, we discuss whether our findings can be interpreted with the help of a simple quark model and find that the negative-parity Λ c states can be naturally explained as diquark excitations of the light u and d quarks. On the other hand, the quark-model picture does not appear to be adequate for the negative-parity Λ states, suggesting the importance of other degrees of freedom to describe them.
I. INTRODUCTION
The lightest J P = 1/2 − Λ baryon, Λ(1405), has been of great interest from several points of view. In spite of its valence strange quark, Λ(1405) is the lightest among the negative-parity baryons, and is especially much lighter than its nonstrange counterpart N(1535). The structure of Λ(1405) is also under dispute. While it is interpreted as a flavor-singlet state in terms of the flavor SU(3) symmetry, the Λ(1405) could be regarded as a KN molecular bound state, which would require no spin-orbit partner. In this case, the bound state's binding energy of ∼ 30 MeV implies a strong attraction between K and N [1, 2] , which has led to predictions of kaonic nuclei or kaonic nuclear matter [3] [4] [5] . The Λ(1405) has furthermore been conjectured to consist of two poles, which are respectively dominated by KN and πΣ components [6] [7] [8] .
Lattice QCD is a powerful nonperturbative tool, which enables us to clarify the strong interactions in a modelindependent way based on QCD. Several lattice QCD studies on Λ(1405) have been performed so far [9] [10] [11] [12] [13] [14] [15] [16] , and the signal of Λ(1405) was recently identified [14] . In a subsequent paper [16] , the electromagnetic response of the Λ was investigated, and it was conjectured that the strange quark in Λ(1405) is confined in a spin-0 state, that is, the kaon. This evidence for the KN-molecular picture of the Λ(1405) is of interest, as it may account for its mysterious properties. The key concept here is the flavor symmetry.
Then, how does the flavor-based property emerge? One may recall the Λ c baryons, which are the counterparts of Λ that contain the much heavier charm quark. The flavor symmetry is therefore largely broken, and its nature should be * pgubler@riken.jp quite different from Λ (for recent lattice studies about charmed baryons and their flavor structure, see Ref. [17] and the references cited therein). The key symmetry here would be the heavy quark symmetry, which reflects the fact that spin-spin interactions are suppressed between light and heavy quarks. The connection between Λ and Λ c was recently investigated using a simple quark model [18] , and it was found that in the Λ c baryons the diquark degrees of freedom emerge and that their low-lying spectrum can be naturally explained in terms of diquarks.
In this paper, we study the properties of Λ baryons with 2+1 flavor lattice QCD, adopting the flavor SU(3) "octet" and "singlet" baryonic operators, which enables us to clarify the flavor structure of the Λ and Λ c baryons. By gradually evolving the strange into the charm quark mass, we interpolate between Λ and Λ c , and hence systematically investigate the structural change of the Λ particles.
The paper is organized as follows. In Sec. II, we briefly explain our lattice setup, the employed interpolating fields and the variational method used to extract the eigenenergies of the states as well as their flavor content. In Sec. III, the obtained Λ baryon spectrum and the respective flavor decomposition are presented, while in Sec. IV, we discuss how these results can (or cannot) be interpreted in a quark-model context. A summary and conclusions follow in Sec. V. Finally, the numerical results are summarized in Appendix A.
II. LATTICE QCD SETUP

A. Simulation conditions
We adopt the renormalization-group-improved action for gauge fields and the O(a)-improved action for quarks. The coupling β in the gauge action is β = 1.9, the corresponding lattice spacing is a = 0.0907 fm [19] , and the lattice size is 32 3 × 64. The hopping parameters for the strange quark κ s and the charm quark κ c are set to be 0.13640 and 0.1224, and those for light quarks κ are 0.13700, 0.13727, 0.13754, and 0.13770, with the corresponding pion masses ranging approximately from 700 MeV to 290 MeV.
B. Baryonic operators for spin 1/2
The low-lying Λ states in the S = −1 and I = 0 channel are extracted from 4 × 4 cross-correlators. For generating the Λ states, we adopt the following isosinglet operators:
In the case of Λ (Λ c ) baryons, Q c µ 3
is the strange-quark field s c µ 3 (the charm-quark field c c µ 3 ). The spinor indices µ are taken according to the classification in Table VIII in Ref. [20] , where Ψ flavor-singlet operators. "Flavor-singlet (octet) operators" here means that they belong to the flavor-singlet (octet) irreducible representation of the SU(3) f symmetry when all the quark masses are equal (m u = m d = m Q ). Note that we always consider SU(3) f flavor symmetry for three quark fields, u, d and Q. We eventually have three octet operators and one singlet operator for spin-1/2 Λ states.
C. Flavor content and eigenenergies of Λ states
One important goal of this paper is the clarification of the flavor content in low-lying Λ states, which can be extracted via the diagonalization of cross-correlators. Let us consider a situation where we have a set of N independent operators. We define cross-correlators as
for positive-and negative-parity channels, where the operators η I denote quasilocal spin-1/2 operators of positive or negative parity,
The subscript I denotes the operator type in terms of the irreducible representation of the octahedral group. (Flavor-octet for I = 1, 2, 3 and flavor-singlet for I = 4.) We adopt gaugeinvariant smeared operators for sources and sinks. Smearing parameters are chosen so that the root-mean-square radius is approximately 1.0 fm. Then, correlation matrices M IJ (t) ≡ η I (t)η J (0) can be decomposed into the sum over the energy eigenstates |i as
where the lowercase letters (i j) are the indices for the intermediate energy eigenstates. Here, the diagonal matrix Λ(t) is defined as
and the coefficients
are the couplings between Λ operators and energy eigenstates. We define the Ith operator's overlap ψ Ii to the ith spin-1/2 Λ state by the coupling vac|η I |i ,
which in this paper is used to measure the flavor content of each Λ state. Ii can be extracted by diagonalizing the correlation matrix. From the product
one can extract the eigenenergies E i from the eigenvalues e
Modulo overall constants, (C src ) −1 and (C † snk ) −1 can be obtained as right and left eigenvectors of M −1 (t + 1)M(t) and M(t)M(t + 1) −1 , respectively, since
and
hold.
In the actual calculation of the eigenenergies, to avoid unstable diagonalization at large t, we determine the couplings at relatively small t and construct optimal source and sink operators, O src † i (t) and O snk i (t), which couple dominantly (solely in the ideal case) to the ith lowest state, as
In fact, their correlation function leads to a single-exponential form,
where we have ignored contributions of states that are above the lowest N eigenstates. We note here that, if the correlation matrix M(t) is Hermitian, one can determine (C src ) −1 and (C snk ) −1 up to overall phase factors so that Eq. (13) 
III. LATTICE QCD RESULTS
A. Hadron masses
Let us first show a few representative effective mass plots in Fig.1 . They are given for κ ud = 0.13727, with κ s = 0.13640 for Λ and κ c = 0.12240 for Λ c . The eigenenergies of each state of each channel are obtained by a fit to the data points in the respective plateau regions. The errors shown here are purely statistical and are obtained from a singly binned jackknife analysis of the lattice data. The fitting results are indicated as dark blue solid and dashed lines in Fig.1 . We have checked that increasing or decreasing the upper boundary of the plateau region by a few time slices does not alter the effective mass averages beyond their statistical errors. While increasing the lower boundary similarly always gives statistically consistent masses, decreasing it by more than one time slice typically leads to a statistically significant increase of the mass average, which indicates that the lower boundaries adopted in this paper are the smallest that are safe from contaminations of the high excited states. We have studied altogether four different κ ud values (0.13700, 0.13727, 0.13754, and 0.13770) and five hopping parameters for the heavy quark (κ s and κ c given above and three values that interpolate between strange and charm: κ sc = 0.13300, 0.12900, and 0.12600). To extrapolate the results to the physical point, we have performed a quadratic fit to all four available data points. To get an idea about the systematic uncertainties of this procedure, we have also carried out a linear fit to the data, for which the results are given in Appendix A. It is seen there that in some cases the difference between linear and quadratic extrapolation results exceeds the statistical error, which shows that the systematic uncertainty of the chiral extrapolation is not negligible. To determine the two-particle thresholds under various conditions, we have extracted the energies of the mesonic π, K, D, and baryonic N, Σ, Σ c states. The numerical results are summarized in Tables I, II , and III of Appendix A.
We will now look at the Λ baryons in detail. It is clearly seen already in the plots of Fig. 1 that the level structures of both Λ and Λ c exhibit the same qualitative behavior, which is simply shifted due to the large charm quark mass. This similarity is seen for all hopping parameters κ sc that we have investigated in this work. For positive parity, there is a large gap between the ground and the first excited state, while for negative parity, we find the first two excited states close to the ground state and the third excited state about 500 MeV above the lowest three states.
To see how the energy levels behave as a function of the squared pion mass (or, equivalently, the u-and d-quark masses), we plot the eigenenergies in Fig. 2 as a function of a 2 m 2 π . Here, we again only show the cases corresponding to the "physical" hopping parameters κ s and κ c . For the values interpolating between these two, a similar behavior is observed. In Fig. 2 , we furthermore show the quadratic extrapolations as green lines and the respective errors as green shaded areas. The values of the experimental hadron masses for each channel are plotted as pink crosses, which should be compared to our extrapolated physical point results (shown in blue).
For the Λ states with a strange quark, we observe that the ground states of both positive and negative parity are extracted close to, but consistently above, the experimental values. A similar result was obtained in Ref. [14] , in which only the negative-parity Λ baryons were studied and where it was argued that the hopping parameter κ s = 0.13640 used to generate the PACS-CS (2+1)-flavor gauge configurations generally leads to too large hadron masses, if they include a strange quark. Our findings confirm this picture.
Let us examine the lowest negative-parity state in some more detail, especially its relative position to the πΣ and KN thresholds, which is shown in the left plot of Fig. 3 . It is seen in this figure that for the heavier pion masses, the lowest Λ(1/2 − ) state lies below both thresholds and is therefore a bound state. As the pion mass is decreased to the lowest value studied in this work, however, it moves above the πΣ threshold and hence turns into a resonance. Extrapolating both Λ(1/2 − ) mass and thresholds to the physical point, the order remains the same, with the Λ(1/2 − ) state lying between the πΣ and KN thresholds, thus reproducing the level ordering observed in experiment. This is again consistent with results reported in earlier work [14] . We note that we have found no evidence for any scattering state signal in a finite box, which should be the "ground state" at the physical point. As it was discussed recently in Ref. [21] , this absence of scattering states is likely due to the small overlap of our three-quark operators with such scattering signals.
Turning next to the excited states, it is seen that for positive parity, our lattice analysis is clearly not able to generate any states that could be related to the first-or second-excited state of the experimental spectrum. This feature has already been observed in an earlier study of two of the present authors [13] . On the other hand, for negative parity, our finding of two excited states lying close to the ground state qualitatively agrees with experiment (see the upper right plot in Fig. 2 ).
Next, we look at our results of the Λ c states. Here, much less in known from experiments, as for the relevant quantum numbers only the ground state has been found so far, while no established facts are available about possible excited states. From the lower two plots of Fig. 2 , we can, however, see that, for both positive and negative parity, these ground states are very well reproduced in our calculation. The extracted excited states are arranged like their strange counterparts: For positive parity the first excited state is found about 500 MeV above the ground state and for negative parity two excited states lie relatively close to the ground state. Especially for the negativeparity case, it is possible that such excited states will be found in future experimental searches, and it will be interesting to see whether our lattice QCD prediction can be verified in nature. In the right plot of Fig. 3 , we furthermore show the position of the lowest Λ c (1/2 − ) state in comparison with the πΣ c and DN thresholds. We observe that the negative-parity Λ c baryon lies below the two thresholds for all pion masses but approaches the πΣ c threshold as the pion mass is decreased to the physical point. This is consistent with experiment, which finds the Λ c (1/2 − ) mass right at the πΣ c threshold.
Finally, here we briefly discuss effects of our employed finite lattice spacing and potential changes in our results in the continuum limit. We have performed our calculation with only a single lattice spacing, and it is therefore not possible to perform a reasonable extrapolation to the continuum limit. One can, however, try to roughly estimate this effect by consulting the available literature.
We start first with the calculation dealing with the Λ baryon containing only u, d and s quarks. Here, we can consult a similar work by two of the present authors [13] , in which the positive-and negative-parity Λ baryon masses were studied for three different lattice spacings. As a result, it was found that the ground states for both parities do not strongly depend on the lattice spacing and therefore the effect of the continuum extrapolation can be expected to be small. Now, the lattice spacing used in the present work (a = 0.0907 fm) is even smaller than the ones used in Ref. [13] , which were all above 0.1 fm. Therefore, we do not expect the continuum limit to significantly alter our ground-state results. For the excited states, the work in Ref. [13] , however, obtained some rather large dependence on a, and we hence cannot exclude considerable systematic uncertainties due to the continuum extrapolation for these excited states.
Next, we consider the potential continuum extrapolation effect for the Λ c states. In this case, one could expect to have a larger effect because of the large charm quark mass and the ensuing discretization errors of O(m c a) of the clover action that we use. Here again, we can rely on a series of earlier work of two of the present authors [22] [23] [24] , in which various charmed hadrons have been studied with the clover action [22, 23] and the Fermilab method [23, 25] for which discretization errors are suppressed. In these works, J/ψ, D, D * and Ξ cc masses were computed with both actions, which allows us to get a rough estimate of the O(m c a) effects. Comparing the calculations, it is found that the results differ only by 2 % or less, which gives an idea of the systematic discretization error effects caused by the charm quark.
B. Flavor decomposition
In this section, we study the components of the eigenvectors obtained from our variational analysis of the correlation matrix. The interpolating fields are chosen such that they belong to either a singlet or an octet of the flavor SU(3) group. From the couplings to the different interpolating fields, we can therefore make statements about the flavor structure of the extracted states.
Let us first explain here our usage of the SU(3) group terminology. When we discuss Λ baryons with a strange quark, the flavor SU(3) group has the conventional meaning, describing the symmetry of the three quark flavors (u, d, s). When we switch to Λ c baryons, we make use of the same flavor SU(3) group terminology, in which, however, the strange quark is now understood to be replaced by its charm counterpart: (u, d, c) . This allows us to study effects of the explicit flavor SU(3) symmetry breaking as a function of the quark mass.
Since in this work we are mainly interested in the decomposition of the states into flavor-singlet and flavor-octet components, we combine the couplings to the three octet operators and compare their combined strength to the coupling of the singlet operator. For this purpose, we define
where Ψ Ji is given in Eq. (7). Note that g 1 i and g 8 i provide a quantitative estimate of the flavor-singlet and flavor-octet components of the state i. As in the present setting we are only able to investigate the relative coupling strengths, their sum is normalized to one. As in the effective mass plots in Fig. 1 , we compute the couplings at each time slice, define plateau regions, within which these couplings are approximately constant and determine our final numbers from a fit to the data points of the plateau. This procedure is repeated for all our hopping parameter combinations and finally the values are extrapolated to the physical u and d quark masses. The numerical results of the analysis are summarized in Tables IV  and V of Appendix A. The behavior of the couplings as a function of a 2 m 2 π is shown in Fig. 4 for the ground states of positive and negative parity and for the heavy quark hopping parameters κ s and κ c that correspond to the physical s and c quark masses. In these plots the quadratic extrapolations to the physical point are again indicated as green lines and shaded areas. Note that the flavor components do not strongly depend on a 2 m 2 π . Therefore, the chiral extrapolation to the physical point does not lead to a large systematic uncertainty, as can also be read off from Tables IV and IV of Appendix A, where both the results of linear and quadratic extrapolations are given, which all agree within their statistical errors. It is understood from these figures that the Λ(1/2 + ) ground state is clearly an octetdominated state, with a singlet component too small to be visible in the plot. The situation is reversed for the Λ(1/2 − ) channel, whose ground state is dominantly flavor singlet, but has a somewhat larger octet component, which is increasing with a decreasing light quark mass. The growing subdominant component is a manifestation of the fact that, as we approach the physical u and d quark masses, the system is moved away from the flavor SU(3) symmetric point, where the u, d and s quark masses are equal.
For the flavor decomposition of the Λ c (1/2 + ) ground state, the strong breaking of the flavor SU(3) symmetry due to the large c quark mass has only a small effect, which means that this state remains clearly octet dominated. However, this result is different for Λ c (1/2 − ), which has, in contrast to Λ(1/2 − ), equally strong components of both the singlet and octet. The flavor structure of the Λ(1/2 − ) ground state hence appears to be rather sensitive to the value of its heaviest valence quark. We consider potential implications of this finding for the structure of the physical Λ(1405) and Λ c (2595) states in Sec. IV.
As a last point, let us examine the flavor components of the negative-parity first and second excited states. Their extrapolations to physical point pion masses are shown in Fig. 5 . As can be inferred from these plots, the first and second excited states for both Λ(1/2 − ) and Λ c (1/2 − ) are predominantly flavor-octet states with small admixtures of singlet components. For Λ, both excitations are almost pure octet states, which agrees with the findings of [13] [14] [15] . The octet admixture is somewhat bigger for the Λ c state, especially for the second excited state, for which it reaches almost 20 %.
C. Letting the Λ evolve into Λ c
In the previous sections, we have concentrated our discussion on the physical states corresponding to the hopping parameters κ s and κ c for the heaviest valence quark. Here, we study how the two states evolve into one another as the hopping parameter is varied from κ s to κ c . For this purpose, we have calculated the masses and couplings as shown in the two previous sections for three more hopping parameters that lie between κ s and κ c . The numerical results are given in Tables  II, III , IV and V of Appendix A.
Let us first study how the hadron masses behave as a function of 1/κ sc . In Fig. 6 , the positive-parity ground state and the lowest three states of negative parity are shown, which have been extrapolated to physical u and d quark masses. It is seen in this figure that the masses grow smoothly (and almost linearly) with increasing 1/κ sc . The excited states tend to have larger errors but otherwise show essentially the same monotonously increasing behavior.
Next, we investigate how the flavor structure of the Λ states evolve as a function of 1/κ sc , focusing first on the ground states. Their couplings to singlet and octet operators are shown in Fig. 7 , where, as above, the extrapolated physical point values were used. As one could anticipate already from the left figures of Fig. 4 , the singlet and octet components of the positive-parity ground state depend only weakly on 1/κ sc , which is seen in the left plot of Fig. 7 . The situation is quite different for negative parity, for which both ground-state components exhibit a strong dependence on the value of the hopping parameter. As can be inferred from the right plot of Fig. 7 , the initially singlet-dominated state evolves with increasing quark mass into a state with approximately equal strength of singlet and octet components. This observation indicates that the physical states Λ(1405) and Λ c (2595) have a different internal structure and that, in particular, the prop- erties of the Λ(1405) are closely related to the specific value of the physical strange quark mass. For the negative-parity excited states, we observe a behavior that is different from the ground state. As shown in Fig. 8 , the first excited state remains an almost pure octet for all hopping parameters that we have studied in this work. For the second excited state, the singlet component exhibits a small enhancement as the quark mass is increased from m s to m c , remaining, however, below 20 %.
It is interesting to see that these excited states do not change their flavor structure much with increasing quark mass, which further accentuates the observation that the Λ(1/2 − ) ground state indeed appears to be quite peculiar with regard to its flavor decomposition.
In relation to the contents of this section, a short comment about the partial quenching effect is in order. Our calculations are indeed partially quenched because the sea quarks always remain u, d and s, while the strange valence quark is gradually shifted to charm. Let us try to give a plausible assessment of these effects by first focusing on the two "physical" points, Λ and Λ c . For Λ, where the heavy quark is the strange quark, the valence quark hopping parameters agree with those of the gauge configurations for all u, d and s, and there is thus no issue with partial quenching. For the Λ c case, we have u, d
and s sea quarks, while the valence quarks consist of u, d and c. Therefore, here we are simply neglecting dynamical charm quarks, which does not seem to be a very problematic approximation as charm quarks are quite a bit heavier than the typical QCD scales. Thus, in the Λ c limit, partial quenching should not cause any effects that are too strong either. Now, between these two limits, partial quenching could have some notable effect, and the middle three data points in Figs. 6-8 could indeed be modified once partial quenching is removed. It is, however, very unlikely that the qualitative behavior displayed in these figures is strongly modified in any way as the two limiting points are practically fixed. Our conclusions, especially about the flavor structure of the Λ baryons and their modification as the strange quark is changed to charm, are therefore not expected to be affected by partial quenching.
IV. DISCUSSION
The flavor structure of the Λ baryons, clarified by changing the heavy quark mass from strange to charm, shows that the SU(3) classification works well for uds-Λ baryons but not for udc-Λ: When the heavy quark's mass is as light as the strange, all the states are classified into either pure singlet or pure octet states with little contamination by other representations. On the other hand, when the heavy quark mass is gradually raised, the SU(3) classification breaks and states are described by the admixture of singlet and octet components. In the heavy quark limit, 1/κ sc → ∞, the spin of light and heavy quarks decouples and the heavy quark symmetry will become an exact symmetry of the system. In order to get a deeper insight on the Λ's structure, we discuss how our results can be interpreted in terms of the internal structure of the Λ states. For this purpose, it is useful to briefly remind the reader of the concept of diquarks and their most relevant excitation modes, which will become crucial especially for discussing the Λ c states, for which the heavy charm quark is expected to play the role of a static color source; hence, the lowest few excitations should be dominated by the dynamics of the remaining light diquark system. In this section we focus on the negative-parity states with total spin 1/2. Let us therefore, for a moment, discuss a simple nonrelativistic three-quark model, which will help us to understand the basic properties of the diquark excitations. Here, we should emphasize that it is not our purpose to discuss the quark model on the same level as our obtained lattice QCD results. The quark model merely serves as a guideline for potentially interpreting the lattice findings in terms of constituent quark degrees of freedom. We assume the masses of two quarks to be equal and light (m q ) and one to be heavy (m Q ). Using a confining harmonic oscillator potential and two internal coordinates ρ = r q 2 − r q 1 , λ = r Q − 1 2 (r q 2 + r q 1 ) with their respective conjugate momenta p ρ , p λ , the Hamiltonian of this system can be straightforwardly written down as
with the reduced masses
Most importantly, the ratio of the excitation energies of the two modes appearing in this model, ω ρ and ω λ , can be given as
which shows that as long as m Q is larger than m q , the lowest excited state will be a λ mode, that is, an excitation of the center-of-mass motion of the two light quarks with respect to the heavy quark. The next energy level should then be a ρ mode, which is an excitation of the relative motion of the two light quarks. It is instructive to study the wave functions of the λ and ρ modes with respect to their SU(3) flavor structure. Here, we only mention the decomposition of the wave functions in terms of their flavor-singlet and flavor-octet components and refer the interested reader to Ref. [18] for more details. Taking into account the spin degrees of freedom, there are two possible combinations for the ρ mode and one for the λ mode:
|Λ; ρ(3/2) = |Λ; 8(3/2) .
Here, the numbers in brackets stand for the total spin of the three quarks, which can be 1/2 or 3/2 before it is combined with the orbital angular momentum of spin 1. For both ρ-mode combinations of Eqs. (19) and (21), the two light quarks are in a spin-1 state, while for the λ mode of Eq. (20), it is in a spin-0 state. From this decomposition it can be seen that the λ mode must have flavor-singlet and flavor-octet components of the same size, while the ρ mode can be either an equally mixed singlet and octet state of Eq. (19) or a pure octet state of Eq. (21) (or a mixture of the two). Let us check if and how our lattice QCD results can be understood and interpreted with the help of the above simple quark-model considerations. Looking first at the lowest Λ c (1/2 − ) state, one notes that for this state the lattice findings almost perfectly match with the quark-model predictions. According to Eq.(18), the lowest excitation should be a λ mode, which from Eq.(20) must have equal magnitudes of singlet and octet components. The results shown in the bottom right plot of Fig. 4 agree with this picture, which is a strong indication that this state indeed represents a λ mode. To further confirm this finding, we have studied the relative sign of the individual couplings to the singlet and octet operators and have found that it agrees with that of the λ -mode state of Eq. (20) .
Remembering the right plot of Fig. 7 , we observe that such a quark-model-type interpretation only holds for a sufficiently heavy quark mass m c , as the lowest Λ(1/2 − ) is rather a singlet-dominated state, which is a consequence of the still unbroken flavor symmetry and cannot be easily explained in a simple three-quark model. This is in agreement with the recent lattice QCD study of Hall et al. [16] , which found evidence that this state is dominantly a KN molecule. In this sense, Fig. 7 demonstrates how the diquark degrees of freedom gradually emerge as the heavy quark mass in the Λ system is shifted from m s to m c .
Next, we examine the second and third Λ c (1/2 − ) states, which are considered to be ρ modes. As can be seen in Fig. 5 , the first (second) excited state is octet dominated with a singlet admixture of about 10 % (20 %). One may naively think that the SU(3) symmetry appears to hold, and a simple quark-model interpretation is not suitable for these states, since according to Eqs. (19) and (21), one ρ mode should be octet dominant and the other should be an equal admixture of octet and singlet components. In reality, however, these two ρ modes mix with each other, as their quantum numbers are the same. Qualitatively, these states can be understood by assuming that the two states are pure eigenstates of the total spin of the two light quarks (called j). In the heavy quark limit, the heavy quark spin decouples, and hence j becomes a good quantum number. The two ρ-mode states of Eqs. (19) and (21) can be decomposed into states of fixed j as given below [18] :
Using the above two equations in combination with Eqs. (19) and (21), we get
If we now examine the flavor components of these states, we see that both of them are octet dominated, which qualitatively agrees with our lattice results. Naturally, the agreement is not perfect, for which there can be multiple causes. For example, for physical charm quark masses, j is not a good quantum number, and the energy eigenstates are hence mixed, in reality. Quark-model calculations show that the first (second) excited Λ c (1/2 − ) state is indeed a j = 0 ( j = 1) dominated state, with a respective minor spin component of about 20 % (for both j = 0 and j = 1) [18] .
V. SUMMARY AND CONCLUSION
In this work we have studied Λ baryons containing either an s or a c quark and have examined how their masses and flavor structures change as the mass of the heaviest valence quark is gradually increased from s to c. We have investigated states of both positive and negative parity and spin 1/2. For these states, we have not only studied the ground state but also the first few excited states. The behavior of the Λ baryon masses as a function of the heavy quark mass is shown in Fig. 6 , where one observes a smooth and almost linear behavior of the energy levels, while their relative energy differences and level orderings remain effectively constant. One also sees that while for the Λ states with an s quark, our extracted masses lie consistently above the experimental values, the agreement between our calculation and experiment is excellent for all known Λ c states.
The chirally extrapolated SU(3) flavor components of the positive-parity ground state and the lowest three negativeparity states are shown in Figs. 7 and 8. Somewhat surprisingly, we find that for almost all states, the flavor decomposition remains approximately constant as s is changed to c. The notable exception is the lowest Λ(1/2 − ) state, which changes from singlet dominated to an equal mixture of singlet and octet components.
Finally, in an attempt to provide an intuitive physical picture for the above findings, we have discussed a simple quark model with three basic valence quarks and have examined whether it can explain the features of the extracted spectrum. We have especially focused on the possible interpretation of the negative-parity states as λ modes or ρ modes, which are diquark excitations of the u and d quarks. As a result, we found that for the negative-parity Λ states the quark-model description does not appear to be appropriate and thus should be interpreted by means of other degrees of freedom (such as mesons and baryons). On the other hand, the quark model is fairly successful for the negative-parity Λ c states. Namely, the lattice results for the SU(3) flavor components of the lowest three Λ(1/2 − ) states can be reproduced in this model: the lowest one is consistent with a λ -mode excitation, as is expected from Eq. (18), while the next two are ρ modes with the diquark spin fixed to 0 and 1, respectively. The lowest few negative-parity Λ c states are hence most naturally understood to have a quark-model-type structure. Table II , but for Λ baryon states with spin 1/2. Note that E i (1/2 ± ) stands for the ith state of spin 1/2 with parity ±. 
Couplings
In this subsection, the normalized SU(3) coupling strengths defined in Eqs. (14) and (15) are listed for all Λ baryon states, which could be extracted with a sufficiantly clear signal. In Table IV , the couplings for the lowest Λ baryon state with positive parity are given. The table contains the couplings for the physical Λ and Λ c states as well as for states with unphysical quarks that interpolate between strange and charm. Table V, is the same as Table IV , but for the lowest three Λ baryon states with negative parity. (1/2 ± ) stands for the normalized coupling of the i-th state of spin 1/2 with parity ± to singlet (1) or octet (8) operators, as defined in Eqs. (14) and (15) . The line denoted as "phys. pt. (quad.)" in each block gives the chirally extrapolated physical point results using a quadratic fit, while "phys. pt. (lin.)" gives the corresponding linear fit result.
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